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ABSTRACT

Much e ort in life-history theory has been addressed to the dependence of life-history traits
on age, especially the phenomenon of senescence and its evolution. Although senescent
declines in survival are well documented in humans and in domestic and laboratory
animals, evidence for their occurrence and importance in wild animal species remains
limited and equivocal. Several recent papers have suggested that methodological issues
may contribute to this problem, and have encouraged investigators to improve sampling
designs and to analyse their data using recently developed approaches to modelling of
capture- mark-recapture data. Here we report on a three-year, two-site, mark-recapture
study of known-aged common terns (Sterna hirundo) in the north-eastern USA. The
study was nested within a long-term ecological study in which large numbers of chicks had
been banded in each year for > 25 years. We used a range of models to test the hypothesis
of an influence of age on survival probability. We also tested for a possible influence of
sex on survival. The cross-sectional design of the study (one year’s parameter estimates)
avoided the possible confounding of e ects of age and time. The study was conducted at a
time when one of the study sites was being colonized and numbers were increasing rapidly.
We detected two-way movements between the sites and estimated movement probabilities
in the year for which they could be modelled. We also obtained limited data on emigration
from our study area to more distant sites. We found no evidence that survival depended
on either sex or age, except that survival was lower among the youngest birds (ages 2-3
years). Despite the large number of birds included in the study (1599 known-aged birds,
2367 total), confidence limits on estimates of survival probability were wide, especially for
the oldest age-classes, so that a slight decline in survival late in life could not have been
detected. In addition, the cross-sectional design of this study meant that a decline in
survival probability within individuals (actuarial senescence) could have been masked
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by heterogeneity in survival probability among individuals (mortality selection). This
emphasizes the need for the development of modelling tools permitting separation of these
two phenomena, valid under field conditions in which the recapture probabilities are less

than one.

1 Introduction
1.1 Measuring age-specific survival

Much effort in life-history theory has been addressed to the dependence of life-
history traits on age, especially the phenomenon of senescence and its evolution
(Mertz, 1975; Finch, 1990; Charlesworth, 1994; Ricklefs, 1998, 2000; Service,
2000; Partridge, 2001). Studies of long-lived iteroparous species have revealed two
characteristic patterns, an increase in survival among younger age-classes (e.g.
Bradley ez al., 1989; Charlesworth, 1994; Pugesek ez al., 1995) and a decrease
among older individuals following a plateau in middle-age (Bradley ez al., 1989;
Pugesek ez al., 1995; but see Loison ez al., 1999). The increase among younger
individuals is usually explained by the positive influence of experience (e.g. gain of
skills and knowledge of feeding areas), higher reproductive costs in inexperienced
individuals (Viallefont ez al., 1995), and/or within-generation mortality selection
(Curio, 1983; Endler, 1986; Forslund & Part, 1995). The decline among older
individuals is usually interpreted as due to senescence (but see Blarer ez al., 1995).

Senescence is defined as ‘age-related changes in an organism that adversely affect
its vitality and functions, but most importantly, increase the mortality rate as a
function of time’ (Finch, 1990). Although senescent declines in survival have been
well documented in humans and in domestic and laboratory animals, evidence for
their occurrence and importance in wild animal species remains limited and
equivocal (Nichols et al., 1997; but see Pugesek ez al., 1995; Loison ez al., 1999).

Several difficulties in investigating age-related variation in survival in wild animal
populations have led reviewers to treat evidence (and lack of evidence) of senescent
decline with caution. Field studies estimate age-specific mortality rates by marking
individuals within one or more cohorts and tracking the numbers of cohort
members that survive through successive intervals. Because the number of survivors
decreases with time (time and age are confounded at the cohort level), most field
studies use multiple cohorts, followed for multiple years, in order to obtain reliable
estimates of survival rates in older age-classes (e.g. Bradley er al., 1989; Pugesek
et al., 1995; Nichols ez al., 1997). Several such studies have reported apparent age-
specific decreases in survival rates in wild animal species (Gaillard ez al., 1994;
Holmes & Austad, 1995a,b), especially long-lived seabirds (Rattiste & Lilleleht,
1987; Bradley et al., 1989; Aebischer & Coulson, 1990; Dann & Cullen, 1990;
Weimerskirch, 1992; Harris ez al., 1994; Pugesek er al., 1995; Sagar et al., 2000).
However, several of these studies did not use mark-recapture methodologies that
explicitly take into account recapture or resighting probabilities.

Observed patterns of age-related variation in survival may reflect any or all of

four distinct phenomena.

(1) Changes within individuals. The probability of death may decline with age
within younger individuals as a result of increasing experience or decreasing
reproductive costs (Charlesworth, 1994; Viallefont ez al., 1995), and may
increase with age among older individuals as a result of actuarial senescence
(McDonald et al., 1996).
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(2) Secular changes in the environment. In studies following one or a few
cohorts, all the individuals reach older ages within a specific set of years,
usually the later years in the study. If survival is lower (or higher) for all
individuals in these years because of changes in the environment, this can
lead to a spurious appearance of lower (or higher) survival among older
birds, unless year effects are controlled for (e.g. Aebischer & Coulson, 1990).

(3) Age-specific emigration. If the probability that an individual leaves the study-
area decreases (or increases) with age, this can lead to a spurious increase
(or decrease) in apparent survival with age (discussed in Loison ez al., 1999).

(4) Mortality selection (phenotypic selection; Endler, 1986). If different indi-
viduals have constitutionally higher or lower probability of death throughout
their lives (‘mortality risk’ in human demography), the proportion of indi-
viduals with lower mortality risk will increase in the older age-classes through
selective survival (Vaupel & Yashin, 1985a; Service, 2000), whether or not
survival changes with age within individuals.

Although it is theoretically possible to disentangle the four phenomena listed
above by careful study design and data analysis, this has never been done in studies
of wild animals. Most published studies have been based on data from a single
study-site, assuming that emigration is either negligible or independent of age. A
few studies of senescence have considered variability among years (Harris ez al.,
1994; Rattiste & Lilleleht, 1995; Nichols ez al., 1997; Loison et al., 1999), but
large sample sizes are required to separate effects of age and year, so the statistical
power of such studies is often low, especially for the oldest age-classes (Nichols
etal., 1997). The main obstacle to considering within-generation mortality selection
is methodological. Statistical inference methods accounting for heterogeneity in
mortality risks among individuals have been developed and used successfully in
populations of humans or captive animals (e.g. Vaupel & Yashin 1985a,b; Service,
2000). However, the modelling tools required to use such approaches are not yet
available in situations where the probability of observing/capturing individuals is
less than one (Lebreton, 1995), which is typical in field studies of wild animals
(Lebreton et al., 1992; Nichols, 1992; Clobert, 1995; Nichols & Kendall, 1995).
Such tools have been developed for capture-recapture models using recovery data
(Burnham & Rexstad, 1993; Pledger & Schwartz, this issue).

As emphasized by Nichols ez al. (1997), inferences about senescence in studies
that have not explicitly modelled resighting probability are not necessarily incorrect,
but use of such approaches is an important criterion to assess the reliability of infer-
ences. In addition, recent advances in capture-recapture modelling tools offer more
flexibility and permit investigation of the influence of age on local survival (i.e. while
accounting for dispersal within the study area: Brownie ez al., 1993; Clobert, 1995;
Nichols & Kendall, 1995). The fact that only a few studies conducted in the wild
have yielded strong evidence for senescent decline in survival (e.g. McDonald ez al.,
1996; Loison et al., 1999) calls for careful examination of possible methodological
issues that might obscure the phenomenon of interest. Our objective in this paper is
to contribute to the growing list of studies that have used robust approaches to testing
hypotheses about senescence (e.g. Gaillard et al., 1994; Nichols et al., 1997).

1.2 Outline of this study

This study was designed to address the influence of age on survival in common terns
(Sterna hirundo). It was nested within a long-term study in which large numbers of
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common terns have been banded in the years of hatching (Nisbet ez al., 1984;
forthcoming), so that marked individuals from 24 different age-classes were present
in the local population at the outset of the study. We conducted a three-year capture-
recapture study within this marked population, identifying a large sample of known-
aged birds with an age-range of 2- 25 years in the first year and recapturing surviving
birds in the second and third years. We conducted the study at two sites, thereby
measuring and controlling for age-specific dispersal between these sites; we also
obtained limited information on emigration to other sites in the region. We tested
for a possible influence of sex on survival, because evidence of such an effect has
been found in several species of seabirds (Mills, 1989; Aebischer & Coulson, 1990;
Weimerskirch, 1992). Because the study was cross-sectional (estimating survival
and movement rates for one year only), it controlled for any influence of year-to-
year variations in survival or dispersal rates. This advantage was offset, however, by
limited sample sizes for the oldest age-classes, and by the absence of methods to
test for possible effects of within-generation mortality selection.

2 Study-sites and field methods
2.1 Bird Island

The primary study-site was Bird Island, Massachusetts, USA (41°40'N, 70°43'W).
Bird Island is a glacial till island in the upper part of Buzzards Bay, with area 0.5-
0.6 ha and maximum elevation 2.4 m above mean high water. Common terns
occupy 0.3-0.35 ha on the lower parts of the island, nesting on coarse sand, shells,
cobbles, and tide wrack, with partial to complete vegetation cover of herbaceous
plants and grasses (Nisbet ez al., 1984, 1990). Numbers of common terns increased
from about 250 nesting pairs in 1968-70 to 500 pairs in 1978, 1000 pairs in 1985,
and 1880 pairs in 1989, levelling off at 1780-2023 pairs during 1989-97 (Nisbet,
1973, 1978; Nisbet ez al., 1984; and unpublished data). During this study, counts
of nests were 1828 in 1995, 1780 in 1996 and 2023 in 1997. All these counts refer
to nests started during the peak period of laying between 7 May and 8 June; in
most years since 1988, 200-300 additional nests were started after 8 June.

The average breeding success of common terns at Bird Island was about two
fledged chicks per pair in 1970-86, but fell to about 1.2 fledged chicks per pair in
1988-97 (Nisbet, forthcoming). Since durable bands became available in 1975
(Nisbet & Hatch, 1988), we have banded about half of the chicks raised on the
island in each year. Many birds banded before 1975 were subsequently trapped
and rebanded with durable bands (Nisbet & Hatch, 1988). Common tern chicks
have also been banded in large numbers at many other sites in the north-eastern
USA and south-eastern Canada (Hays ez al., 1999). By 1995, about 40% of the
breeders at Bird Island were banded and of known age, but this proportion fell to
about 36% in 1997, probably because of poor recruitment of birds raised on the
island after 1987 (Nisbet, unpublished data). By 1997, 7% of the birds trapped at
Bird Island had been banded as chicks at other sites, ranging from Cedar Beach,
NY (250 km WSW) to Sable Island, NS (950 km ENE); 3% had been banded as
breeding adults at other sites. Adult common terns (of unknown ages) were also
banded at Bird Island in most years, especially in 1975, 1983 and from 1986
onwards (Nisbet, 1978, 1996; Nisbet & Hatch, 1988; Nisbet ez al., 1984).

The capture-recapture study was conducted in 1995-1997. In each year, we
marked the first 1620-1821 nests on the island, usually on the day the first egg
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was laid. We attempted to catch a uniform sample of birds within each day’s
stratum of new nests, randomizing the sampling in space by progressing systema-
tically around the island and trapping on all nests until the desired sample size had
been achieved. We also trapped mates on nests selected for special studies (about
7% of all nests in 1995, 8% in 1996, and 5% in 1997). We attempted to sample
the same proportion of birds (45%) within each stratum, but in fact slightly
oversampled early- and undersampled late-nesting birds. We did not sample birds
that laid after 4 June systematically in any year, although we trapped some late
birds for special studies in each year. Most of the birds that laid after 4 June were
either 2-4 years old or older birds relaying after earlier failures (Nisbet ez al.,
1984). Hence, our design should have yielded representative samples of birds =5
year in each year, but would probably have undersampled birds aged 2-4 years.

2.2 Ram Island

Our second study-site was at Ram Island (41°37'N, 70°48'W), 10 km SW of Bird
Island. Following a restoration project (Harlow, 1995), this site was reoccupied by
common terns in 1992; numbers of nests increased (almost entirely by immigration)
from 98 in 1993 to 325 in 1994, 815 in 1995 and 1323 in 1996, declining to 1183
in 1997 (total-season counts: Harlow, 1995; and unpublished data). This site was
not included in our original study design, but was added during the 1995 season
after we found that some birds had moved there from Bird Island. We, and others,
trapped 377 breeding adults in 1995, 460 in 1996, and 801 in 1997 (23%, 18%
and 34% of breeders, respectively). Trapping at Ram Island did not follow a
stratified random sampling design, but was carried out throughout the colony site
and throughout the breeding season, so it should have yielded a reasonably
representative sample of birds present in each year. Unbanded birds trapped in
1995 were banded and are included in the study. Most banded birds encountered
at Ram Island had been marked as chicks at Bird Island or Great Gull Island (see
below), but some of these were 5-20 years old in 1995 (i.e. had probably bred
elsewhere before moving to Ram Island) and many had been banded as breeders
at Bird or Great Gull Islands. Because some breeders had moved from Bird Island
to Ram Island, and a few moved back (see the Results section), we include data
from both islands in some analyses, even though the sampling designs were
somewhat different.

2.3 Other sites

We also use data from the two largest breeding colonies of common terns in the
region, which together comprised > 80% of the common terns nesting within 150
km of Bird and Ram Islands. At Great Gull Island (41°12'N, 72°07'W: 130 km
WSW of Bird Island), numbers of common terns increased from 8000 pairs in
1995 to 9500 pairs in 1997 (Sommers & Alfieri, 1998). Large but unspecified
numbers of breeding adults at this site were trapped in each year (Hays et al.,
1999). At Plymouth Beach (41°58'N, 70°39'W: 45 km NNE of Bird Island),
numbers increased from 3900 pairs in 1994 to 4957 pairs in 1997 (S. Hecker,
personal communication). Adults were not trapped at this site in 1996 or 1997,
but we trapped 1034 adults there in 1994 (13% of breeders), in part to search for
birds that had been trapped at Bird Island in 1991-92 (Nisbet, 1996) and might
have moved to Plymouth Beach in 1992-94.
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2.4 Trapping and handling

Birds were trapped in treadle traps set over the eggs. At Bird Island, unbanded
birds were released immediately; banded birds were weighed, measured, and
palpated for the presence of an egg in the oviduct. At Ram Island, most unbanded
birds were banded, but few birds were measured until 1997. To minimize errors,
band numbers were read twice, before and after recording. Only 5 of 2113 band
numbers recorded could not be matched to banding records. Three of these were
traced to errors at the time of banding or data entry and were corrected; the other
two could not be corrected. Although some other potential errors might have been
missed, we believe that the overall error rate was < 0.2%.

Among 1625 banded birds identified at Bird Island, 1421 (87%) could be sexed
based on characters recorded in one or more years (including trappings in years
prior to 1995 for many individuals). Altogether, 823 birds (51%) were trapped on
incomplete clutches and were sexed by the presence or absence of a palpable egg
in the oviduct and/or by body mass (Wendeln & Becker, 1996). A further 191
(12%) were sexed by these characters in their mates, and 407 (25%) by bill-length
and/or head-length, either alone or in combination with those of their mates
(Coulter, 1986; Nisbet, forthcoming). Birds were sexed by bill-length or head-
length alone (n =142) only if these characters were extreme (> 39.1 mm or
78.2 mm, respectively, for males; < 35.8 or 76.7 mm, respectively, for females).
Because these characters were used conservatively, we believe that the overall
misclassification rate was < 1%. Only a few birds were sexed at Ram Island except
in 1997.

2.5 Potential band losses

All birds included in this study were banded with incoloy bands, so the probability
of band loss is very low or zero (Nisbet & Hatch, 1988). We cannot evaluate the
likelihood of band removal by humans in the winter quarters (Becker & Wendeln,
1996), but we assume that any such removal is unlikely to be age-specific.

3 Statistical methods
3.1 Sample definition

The initial marked sample is defined as all birds banded at any location in or before
1995, known to have been =2 years old in 1995, and encountered in one or more
years during 1995-97 at Bird and/or Ram Islands. The two recaptured samples
consist of birds captured at Bird and/or Ram Islands in 1996 and 1997. Designating
a year of capture as 1 (Bird Island) or 2 (Ram Island) and a year without capture
as 0, a capture history during the three years (111, 110, 100, 222, 220, 200, etc)
was compiled for each bird. For eight birds that were trapped on both islands in
the same year, the site of first encounter was used in the capture history. The
sample was divided into 24 cohorts of known age (2-25 years old in 1995), one
cohort known to be =16 years old in 1995 (banded as early-breeding adults in or
before 1984), and one cohort of unknown ages (banded as adults in or after 1985).
For some analyses, sex was treated as an additional state variable. To avoid
bias resulting from retrospective classification (Buckland, 1982), we used sex
information only for birds that were (or could have been) definitively sexed in or
before 1995.
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3.2 Modelling procedures and model selection

The full data set included a large number of possible states (26 age-classes, 3
‘sexes’), with several different parameters to be estimated for each combination of
states; many of the cells (especially those reflecting movements between sites or
those for very old birds) were empty. Throughout the analyses, we pooled birds
aged 2 and 3 years in 1995, because few 2-year-old birds were trapped; this pooled
age-class was treated as 3 years old in models with a parametric dependence of
survival or recapture probability on age. Because sample sizes were too small to
estimate parameters individually for age-classes between 16 and 25 years while
considering the effect of sex, we initially pooled all birds =16 years old in 1995
(including birds banded as adults prior to 1984); this pooled age-class was treated
as 16 years old in parametric models. This reduced the number of age-classes from
26 to 14 (Table 1). We then conducted the analysis in several sequential steps,
starting with models including two covariates (age and sex). First, we analysed
data for the primary site (Bird Island) only, using data only for birds of known sex
(Table 1). We used this data set to estimate local survival (probability of surviving
from year 1 to year 2 and returning to Bird Island in year 2) and to assess the
influence of age and sex on local survival. Finding no influence of sex, we then
pooled all three sexes (increasing sample size by incorporating birds of unknown
sex) for the next step in analysis. For this step, we treated birds aged 16-19 years
as separate age-classes, but we pooled all birds =20 years old in 1995 because of
small sample sizes. This reduced the number of age-classes from 26 to 18.

TABLE 1. Data for known-age, known- and unknown-sex individuals (Bird Island only)*

Age in 1995 (yr)

Capture

history’  3° 4 5 6 7 8 9 10 11 12 13 14 15 16" Sex
111 0 2 1 5 1 4 9 2 3 2 1 2 1 5 M
110 2 2 1 0 4 18 4 9 7 6 0 1 3 3 M
101 2 0 0 3 3 12 5 5 4 2 1 3 0 4 M
100 5 1 2 5 15 24 16 10 9 10 3 4 2 6 M
011 4 0 2 2 5 2 2 2 2 4 0 2 1 3 M
010 12 2 1 2 4 9 6 2 5 4 0 1 1 3 M
001 28 3 2 6 7 10 2 3 3 6 2 4 0 1 M
111 2 3 2 1 2 6 6 1 1 2 2 2 1 1 F

110 1 1 6 8 5 5 11 4 6 4 3 3 1 1 F

101 1 3 5 6 12 8 4 6 3 2 6 2 2 F

100 11 2 6 10 13 30 14 12 16 7 1 4 3 6 F

011 9 2 0 1 2 9 5 6 7 3 0 3 2 1 F

010 25 4 5 5 6 15 13 6 7 6 1 3 1 6 F

001 36 3 3 8 4 8 12 5 11 2 1 3 1 2 F

111 0 0 1 0 0 2 1 0 0 0 0 0 0 1 U
110 1 0 0 1 2 1 2 0 0 0 0 0 1 0 U
101 0 0 3 3 0 3 0 0 0 1 0 0 0 1 U
100 3 0 0 3 8 12 4 0 0 1 2 4 4 2 U
011 0 0 0 1 3 2 2 0 0 0 0 1 0 0 U
010 12 3 1 2 4 5 0 1 2 0 0 1 0 0 U
001 14 2 2 2 5 7 3 3 3 2 2 0 2 1 U

“ A complete data set, with capture histories of all birds included in this study (z =2367), has been
posted on the EURING databank website (http://www.nioo.knaw.nl/EURING.HTM).

bHistory in 1995, 1996, 1997: 1, trapped at Bird Island; 0, not trapped at Bird Island.

‘Includes all birds aged 2 or 3 yr.

‘Includes all birds aged =16 yr (range, 16-25).
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The survival probability estimated using data from only one site reflects both
true survival and permanent emigration away from that site (Brownie ez al., 1993;
Nichols & Kendall, 1995); the corresponding estimate is likely to underestimate
true survival. If data from other locations are available, it is possible to account for
emigration to other study sites and to obtain estimates of survival corrected for
movement among sites, using multistate models (Brownie ez al., 1993; Nichols &
Kendall, 1995; Spendelow er al., 1995). We next analysed data from both sites,
estimating two-site survival (probability of surviving from year 1 to year 2 and
returning to either site in either year 2 or year 3) and movement rates (conditional
probability that a bird trapped at one site in year 1 and surviving to year 2 moved
to the other site in year 2). For all two-site models, we further pooled age-classes
into four groups, because sample sizes were too small to estimate all parameters
for 18 cohorts. We selected these groups based on prior knowledge of the species
(Nisbet et al., 1984; Galbraith et al., 1999), while ensuring that each was large
enough to estimate most parameters (Table 2). Group 1 (2-4 years old in 1995)
represented inexperienced breeders, Group 2 (5-9 years) represented young adults,
Group 3 (10-14 years) represented mature adults, and Group 4 (=15 years)
represented the oldest breeders. We were unable to separate 4-year-old birds from
younger birds, or 15-year-old birds from older birds, as in the earlier analysis,
because of small sample sizes. We hypothesized that survival might be lower in
Group 1 and/or Group 4 than in Groups 2 and 3. For some two-site models, we
constrained movement rates to be the same for all of these grouped age-classes.

TABLE 2. Data from known and unknown-sex individuals (Bird and
Ram Islands)

Age-class in 1995°

Capture

historyb 1 2 3 4
222 0 2 1 1
220 1 7 1 1
210 1 0 0 0
202 5 10 4 0
201 1 1 0 0
200 28 35 10 5
122 0 2 0 0
121 0 0 1 0
120 0 3 0 1
112 0 2 0 0
111 7 41 19 10
110 7 66 43 11
102 0 7 7 1
101 3 66 37 10
100 22 150 78 31
022 9 6 6 0
021 0 0 2 1
020 74 25 9 5
012 1 3 3 1
011 15 38 32 7
010 56 75 35 18
002 142 52 15 7
001 86 80 48 9

“Age-classes: 1 = [2-4yr], 2 =[5-9yr],3 =[10-14 yr], 4 = [>15 yr].
*State notation: 1 = Bird Island; 2 = Ram Island; 0 = not encountered.
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Finally, finding no evidence that age influenced survival or movement rates, we
pooled all birds into one group (increasing sample size by incorporating birds of
unknown age) to obtain a single set of estimates of survival and movement rates.

All data were analysed using program MARK (White & Burnham, 1999). Model
selection was based on AICc, a modification of Akaike’s Information Criterion
incorporating a correction for small sample size (Anderson & Burnham, 1998).
For one-site models, we used QAICc, incorporating a further correction for
extradispersion (Burnham & Anderson, 1998). We used QAICc because there is
no objective criterion to assess when the extradispersion parameter ¢ is sufficiently
small to use AICc (e.g. Littell ez al., 1996, recommended using a lower value of ¢
than that recommended by Burnham & Anderson, 1998). We did not use model
averaging to account for model uncertainty (Burnham & Anderson, 1998), because
estimation of standard errors was not possible for all parameters in models with a
large number of age-classes or states (i.e. ‘estimated standard error’ = 0).

3.2.1 Local survival probability at Bird Island. Individuals included in this analysis
were recaptured at Bird Island in 1995, 1996 and/or 1997, were of known sex as
of 1995 and of known age (n =826, Table 1). For each cohort (ages 2-3, 4,
5...19 and =20) and each sex, recapture histories were modelled using four
parameters: two time-specific survival probabilities: ¢os and pos, and two time-
specific recapture probabilities: pos and po;. ¢os and po; cannot be estimated
separately. Thus, for each cohort and each sex, only one survival and one recapture
probability were estimated (¢os and pos), plus the product ¢os X po7. We accounted
for the influence of cohort on time-specific parameters (i.e. individual histories
were modelled using time- and cohort-specific survival and recapture probabilities).
That model can be denoted as: p., ¢«c, Where the subscript  denotes time and ¢
denotes cohort. Each cohort reaches age a in year 7z, and no other cohort can reach
the same age in the same year, that is, the combination of cohort and year
corresponds to a unique age. Consequently, the model can also be denoted as:
Pas o> where a denotes age. In the most general model, p and ¢ were not only
dependent on age, but also on sex: p.+; Pas> » Where s denotes sex. Sex was treated
as a group effect. In that model there is one product pes X ¢o; per cohort and sex
whose components cannot be estimated separately. Note that we did not constrain
these products. Consequently, for each model considered, the number of para-
meters reported as included in the model (Tables 3 and 4) includes products. This
number depends on the number of ‘groups’ initially specified in the data matrix,
not the number of ‘cohorts’ considered when specifying models.

3.2.2 Survival and movement probabilities between islands. As previous steps did
not provide evidence of an influence of sex on survival or recapture probabilities,
sex was not included in the next stage in modelling. The models we used were
parameterized as follows (Brownie et al., 1993): (1) p, is the probability of capturing
an individual of age a in stratum (site) r, given that the individual is alive and
present in the study-area. (2) S, is the probability that an individual in stratum r
survives from age a to age a+ 1. (3) Y, is the probability that an individual in
stratum r at age a is in stratum s at age a + 1, given that it survived to age a + 1.
Because of the large number of parameters required to model survival, recapture
probability, and movement probability as functions of age and site, we grouped
age-classes into four groups as described above (Table 2). Because only a few birds
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TABLE 3. Influence of age and sex on survival and recapture probabilities (Bird

Island only)

Model” QAICc NP’
P ¢(z—3,>4> 1673.90 33
P ¢ 1676.03 33
P ¢((2—3,>4>+4) 1677.94 34
P D2-3,4>54+9 1678.61 35
P ¢((2—3,4,5,>o>+4) 1679.00 36
P b 1679.11 33
P Logit(¢.) = o+ Bi.a 1679.15 33
P da-34,..., =8)+9) 1680.35 38
P ¢((2—3,4 ..... =7)49 1680.90 37
p Logit(¢.4+,) = o+ Bi.a+ Pous 1681.25 34
) Logit(¢asa2+:) =a+ Bi.a+ fod’ + Bs 1681.58 34
P d-34..., =9)+5) 1682.35 39
P Paro 1683.26 35
P ¢((2—3,4, L1004+ 9 1683.26 40
P ¢((2—3,4 ..... 1049 1684.87 41
P ¢((2—3,4 ..... >12)49) 1686.59 42
y4 ¢((2—3,4, L=13) 49 1688.79 43
P ¢((2—3,4 ..... >14) 49 1689.57 44
P ¢((2—3,4 ..... >15) 49 1689.79 45
P Garo 1691.20 46
P dw 1693.19 43
P Paro 1702.97 59
28 Paro 1704.52 60
Pa+s Paro 1721.72 71
P Do 1733.50 73
P+ Paro 1770.20 96

“See text for notation.

*Number of parameters in model.

moved from Ram Island to Bird Island, our initial model included a movement
probability in this direction that was independent of age.

4 Results
4.1 Local survival probability at Bird Island

The extradispersion parameter ¢ was equal to 0.96 (pass, ¢+, Table 3, 1000
simulations). We first sought the lowest-QAICc model among simplifications of
the general model for recapture probability. There was no evidence of an influence
of age or sex on recapture probability (Table 3). We used the model with constant
recapture probability (p, ¢.~,) to continue model selection. A comparison between
models including the effect of age as a factor (i.e. one survival probability per age-
class; p, Parss P> Pa+ss P> o) and models that did not include age (p, @5 p, ¢) yielded
no evidence of an influence of age on survival. We did not find evidence of an
influence of sex on survival either (Table 3).

In the next step, we used the lowest-QAICc model with age-specific survival
probabilities (i.e. p, ¢+, Table 3) and progressively set survival parameters corre-
sponding to consecutive age-classes equal, starting with the oldest individuals. This
led to a model with two age-specific survival probabilities (p, ¢(2-3,54+5). This
model has only 2 survival probabilities: one for birds aged 2- or 3-years, and one
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TABLE 4. Influence of age on survival and recapture probabilities; data from

known and unknown-sex individuals (Bird Island only)

Model QAICc NP
p be-3>q 1880.29 22
P ¢(z—3,4,5,>o> 1880.68 24
p b-3,4,>5 1880.83 23
» ¢ 1881.30 21
p be-34,..,>8 1881.57 26
P ¢(2—3,4—18,>19> 1881.57 23
P ¢(273,4—17,>1z> 1881.64 23
P ¢(2—3,4—19,>2o> 1881.69 23
P ¢(2*3,4*16,>—17) 1881.87 23
P ¢(2—3,4—15,>16> 1882.02 23
p be-34,..,>7n 1882.08 23
P Logit(¢.) = a+ Bi.a 1883.20 22
p be-34,..,20 1883.24 27
P ¢(2—3,4 ..... >10) 1884.78 28
p be-34,.,>11 1886.76 29
P Logit(d.+a2) = a+ fr.a + faa’ 1887.22 23
p be-34,.,>12 1886.86 30
p be-34,..,>13 1890.79 31
p b-34,. =14 1892.55 32
p be-34,.,>15 1894.66 33
P ¢(2—3,4 ..... >16) 1896.75 34
p be-34,..,>17 1898.72 35
P ¢(2—3,4 ..... >18) 1900.62 36
p b-34,.,>19 1902.70 37
p [ 1904.79 38
P . 1929.85 55

for birds aged =>4 years. Comparison between this model and the corresponding
model where survival was not dependent on sex (i.e. p, ¢2-3,>4) also supported
the hypothesis that the variable sex was not needed to describe the process that
gave rise to the data. This was the model with the lowest QAICc, providing some
evidence of an influence of age on survival probability. In this model, the youngest
individuals had a lower survival rate (¢, s =0.52, SE =0.17; ¢=, =0.85,
SE = 0.06); the recapture probability p was 0.39 (§E =0.03). However, the model
with constant survival (p, ¢) had a QAICc value only a little higher (Table 3) and
consequently can be considered as a candidate model as well. The survival
probability (]3 estimated using this model was 0.84 (§E =0.06; p =0.39, SE = 0.03).
Finally, the models in w